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ABSTRACT

A mathematical model is developed to determine the probability of
successful transmission of a packet over a fading land mobile data cﬁannel}

The médel is further extended to packet radiO'channels-and the through—
put degradation of three random access schemes is analyzed. A relationship
between throughput degradation and‘diétance from the base station is

finally derived and numerical results presented.
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I INTRODUCTION

- Several authors [1], [27 have shown thatvpacket radio, brought about
by the proliferation of computer resources- and the need to offer communica;
tion capabilities, in.the form of mobile radio channels, leads to a
considerably efficient spectrum use.

The problem of designlng packet radio systems encompasses a number of
system variables such as the network topology, channel configuratlon, access

policy and error control and flow control techniques. A review of the

. available literature on packet radio shows however that the effect of chénnél

errors is largely ignored. The assumption is generally made that packet

_ retransmissions due to collisions outnumber the retransmissions due to

channel errors. A previous study [3] by the same authors that addressed the

question of flndlng the optlmal packet size for a fading mobile radio channel

indicated that the error characteristics of such channels should not be ignored.

Fading occurs when more than one signal from the same ttansiitter reaches
the receiver and causes either .a nulling or a reinforcement of the ditect
path signal.-.Fading phenomena are often characterized by s specific type of
short term multipath signal reception whose amplitude can be approximated very
closely by the Rayleigh distribution .over short distances. Large area varia-
tions of the received signal envelope are foundvto be lognormally.distribﬁtedl

E4] .

In this paper, we examine the throughput degradation of three classical

random access schemes, namely Pure ALOHA, Slotted ALOHA and Ndn Persistent CSMA,

in the presence of Rayleigh fading.
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A mathematical model is used to determine the probability of successful

packet transmission assuming a single user. The model is then extended to

‘three random access schemeés and the relation between channel capacity and

distance from the base station is derived.

We assume that transmission errors, in the absence of packet collisions,.
are only due to fast fading i.e erfors due to ignition noise or
slow fading are not considered. We further assume that the acknowledgement
traffic is carried by a separate channel and arrives at the terminals reliably

and at no cost and we ignore propagation delays.
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II.

Model

Consider the characteristics of a Rayleigh fading mobile radio chanmel
where lognormal variations of the received mean power are not taken into
account. The average level crossing rate, Np, and average faderduration,

Tg, are given by [5]:

No=fp y 2w exp (o) ceeeeeene (D)
T, . exp(p) -1 e (D)

p=

fngEEE-

where p = x/xO is the ratio of the instantaneous signal power level to

the R.M.S. power level and fD the Doppler frequency is given by:

fD a.,X;; . N )

where v is the vehicle speed and A, the carrier wavelength.
" Since we are dealing with a Rayleigh fading channel we have:

fp Ny = lrexp(-p) I e (8)

" Studies [6] of these Rayleigh fading channels at frequencies-of 850 Mhz
have indicated that the interfade interval distribution (6r time between

consecutive fade arrivals) and the fade width dist_ribution are closely

approximated by an exponential distribution.
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Denoting by Z and X the random variables corresponding to the interfade

duration and the fade duration we can generally write:

fz(t) = A, exp(-A,t) ‘ _ R &)

and

A

i

fX(t) , exp(=),t) ‘ ......,%.. (6)

-Relating equation (1) and (2) with (5) and (6) we have:

N = A | N €2

o= "1
T . 1 N €
pE ==

>\2

‘That is. for a given value of p we obtain the corresponding values
for Np»and Tp and consider these to be the average fade arrival pate‘(of

a Poisson process) and the average fade duration.
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For a given power level we can then consider on a time axis a sequence

of fades followed by no fade gaps as follows:

fades | — B3PS \ \

fadearrivéIEI’///;‘

FIGURE 1

Assuming that the random variables-X.and Z are independént we can easily

. obtain the probability density function of the random variable Y- representing

the gap duration. Dénoting by ¥.(s) the Laplace transform of the unknown

density function of the random variable Y we obtain:

o N LY :
: WY(S)"Az ~ <' S+A1 > ceveneeans (9)

To obtain the Laplace. transform :of the cumulative distribution of Y

we divide TY(S) by s:

Y (s) g . ‘ _
ARG R LS U I (A S ceeieenee. (LO)
s © s ( 2)(84-}\1) . :

- Inverting the transform we have:

. A g
PLYStd = 1 - v(l'i_;-> exp (=\;&) P ¢ )



Replacing Kl and Xé by the corresponding equations 7N ahd (8)

we finally obtain:

P YS"‘ = - - —. caenevessa
E. t] 1 (1 Nptp) expvﬁ Npt) | (12)

Using (4) we have:
PLYStT = 1 - exp (-p-N1) - eeeeeeees (13)

© Assume now that a packet of data of length B bits is transmitted on
the radio channel at a speed of C bits/sec. The pécket transmissioh time

will be given by:

B e, (18)
T ==

This packet will be successfully transmitted (no errors) if it can be
totally contained within a gap of length greater or equal than T. If we
assume that the packet arrives at a time to from the beginning of -a given

gap, it will be successfullyvtransmitted with probability:

P LY-£,>T/ ¥>t,] = _PLY>T+t,] veeseeaeas(15)

PLY> to]



After a few manipulationé equation (15) will be written as:

PLY-t2 T/ ¥to] = exp(-NTD) evereeees (16)

We note that the answer'given*by (16) is memoryless-in the
sense tha; it‘is not a function of>to. Howeﬁe;, wé~als§~note that the
distribution function given by (13) has a singulaﬁity at the origin,
hence the answer obtained above is valid if'agd"only if t0>0;

Considering the process,depicted in Figﬁfe 1l,as a renewal process

‘the probability of successful transmissioﬁ of a packet is given by:

Py _

N <

exp (-N,T) R ¢ )

The: average value of Z is simply given by l/Np while the average

value of Y can easily be obtained from (9) as follows:
? - d‘l’X(s) 4=_ Az-—ll" TR (18)
. dg Az Ay S
=0
Replacing again by the appropriate expressions (7) and (8) we obtain:

l—NT - X . s s et e s ace (19)
No
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Hence Pg will be given by:

Py = exp [ - '(p+1\_IpT)J ceevseaess (20)

Random Access Channels

The expression obtained above for the probability of successful packet
transmission assumed thaﬁ‘only one terminal was ﬁsing the fadio channei.
However, if we consider that this channel is a raﬁdom access channel
equation (20) should be mgdified fo inciude the effects of the fandom
access scheme that is qsed. In particulér-we-can considef:the following
three random access schemes with their correspondiﬁg thfoughput—traffic

characteristics:

Pure- ATL.OHA

§ = G exp (-26) .. (21)
Slotted ALOHA

'S = G exp (-G) : ceeneeaens (22)
Non Persistent CSMA

G exp (-BG) - . (23)

G(1+2B) + exp (-BG)



where S is the channel input rate (average number of new packets generated

" per packet transmission interval T), G is the channel ‘traffic rate (average

number of new packets plus, prev1ously collided - packets generated per packet
transmission time) and B is the normalized propagation delay (ratio of

propagation delay to packet transmission time)

In the available analysis-of maximum channel ‘utilization of"these"schemes

the effect of channel errors (random n01se, fadlng ete) is 1gnored " Hence only

those packets that colllded Wlth other packets are part of the trafflc rate
G. However, as we have seen, even in the absence of transmlsslon from other
‘terminals there 1s a finite probablllty of packet error.* -

By applylng equatlon (20) to the three selected random access schemes

we obtain:

Pure ALOHA

S os=c exXp f'(?GWQ‘pT)] ~ (24)

Slotted ALOHA

S = G exp [-(G+p+NpT)] N €5

Non Persistent CSMA

. Gexp [—(BG+p+N T)j o6
S = G(l+28) — exp( BG) . . Teess e ( )

 We note, however, that G should now be interpreted as the traffic rate

due to new packets, collisions and errors due to fading. It is also

* We note that for the Reservation ALOHA [7] system, packet collisions

do not occur however packet errors do occur.
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clear that equation (20) 'gives the probability of successful packet trans-

‘mission as a function of P, which is clearly a function of the distance

between transmitter and receiver. Hence the degradation in throughput
increases as the mobile terminals move away from the center of the system.
Denoting by x the receiver threshold level and by x, the average

received power we can write:

O

e = £ - | eeiiee. (27)
. %o ‘ o
If we express 0 in dB we have:
. ;}'{t o
P.(dB) = 10 log| — : R ¢1:))

"Xo /.

Hence if our tecéivef is lééated:ét some distanée D.from the trans-
mitter the average received power will be x,(D). So long as the feéeiver
threshold levei Xy is below the average received éower theré will be
"reliable" communications. However, as x¢ apprbaches and exceeds X, there
will be a loss of communication since the signa; will be buried in the
noise. |

If we now considér equation (20) Wezrematk that for a givén receiver
threshold level aé.the terminal moves away f:om the receiver ﬁhete will
be an increase in P as well as an increase in Np- As. shown by Jakes [51

the maximum value of Nb is attained for a value of p of about -3dB.

Above this point there will be a decrease in Np.
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As an example assume a carrier frequency of 850 Mhz, a vehicle speed
ranging from 30 to 60 km/houf, and a packet transmiésion time of 0.1 sec..
For various values of p and the corresponding values of Np we obtain the

following results for Pg as given by equation (20):

p(dB) .v(km/h) N(fades/sec) :.PS Ap(dB) V(kﬁ/ﬁ). N(f;déé/;ecj | Pg
-30 | 30 1.87- 0.83 | -30 60 374 | 0.68
-20 30 5.86 0.55 | =20 60 | 172 10.30
-10 | 30 16.93 0.17 | -10 60 23.86 | 0.08
o | 30 | - 2_1."7  0.04 0 60 43,4 0.004

Applylng these results to equatlon (24) (25) and (26) we obtain the
curves depicted in Figure 2. Note for each access mode, Flgure 2 only

-consideres the degradation in channel capac1ty.

IV. PATH LOSS. MODEL

. The above results indicate that there is a degradation in throughput
when errors due to fades are considered. It was furthermore shown that
such errors tend to increase as the mobile terminal moves away from the

central station. It is thérefore‘importaﬁt to relate the distance to the

value of p. To do so we consider- a path loss model proposed by Okumura L87.

The total path loss attenuation is then approximated by

P (dB) 37 +°20 log f+ 20 log D + AF . (29
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where:

f = frequency in MHz
D = distance in miles
.AFSA= median attenuation relative to free space (dB)

Using average effective transmissions heights for the base station and
‘terminal of 45 meters and 3 meters respectively, the median attenuation

AFS can‘be'approximated by:
Ap, = 13.3 log D + 36 -~ (for D § 14 miles) ceeeennae. (30)

Hence at a carrier frequency of 850 MHz the.téta1 path loss will be:

PL(dB) =~ 131.6 + 33.3 log D (for D £ 14 miles) seveeeenne (31):

and the following table results:
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D(mi)

1

2

-

10

14

- B (dB)

131.6

141.6

154.9

161.7

. 164.9

169.7

If we now assume an- effective radiated power of +40 dBm and a received
threshold power of -130 dBm we obtain the following relationship between p

and: the distance:

Dlmiles) ™1 7 5 8 ] 10 1

0(dB) -38.4 | -28.4 |-15.1 | -8.3 |-5.1 | -0.3

Comparing these values with the curves of Figure 2 it becomes clear that

if the average distance between the mobile terminals and the base station

. exceeds 2 miles the thfoughput.degradation becomes substantial.
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CONCLUSION

The above analysis has provided a means by which the throughput degrada-

tion of packet radio fading channels can be evaluated. We have shown the

'.effects‘of system parameters such as vehicle speed and relative power level.

Other variables.such as the carrier frequency, the channel speed'or the packet
length Wére noﬁ explicitly c0nsidered since their effects can be eaéily
evaluated. Wé.note however that for low values of p the dominant factor in
the probability of successfui packet traﬁémission is the ratio of packet
transmission time to the average interfade duration; | |

Numerical results obtained for typilcal values of mobile transmit power

-and receiver threshold level indicate that the channel capacity degradation.
"can attain one order of magnitude whenever the distance between the mobile

station and the base station exceeds 5 miles.
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